INTRODUCTION
This article will focus on recent biochemical evidence for a direct association between a family of membrane-span ning cell adhesion molecules and ankyrins in the adult ner vous system of mammals. Ankyrins are a family of struc tural proteins strategically located on the cytoplasmic surface of the plasma membrane with recognition sites for both membrane-spanning integral membrane proteins and spectrin (reviewed by Bennett, 1990; 1992) . Ankyrins are ancient components of the nervous system that are expressed in Caenorhabditis elegans (Otsuka et al., 1991) , and comprise 0.5-1% of the membrane protein in adult ver tebrate brain (Bennett, 1979; Davis and Bennett, 1984) . Multiple isoforms of ankyrin are expressed in brain, with diversity due to distinct genes as well as to alternative splic ing of mRNAs: 220 kDa ankyrinB, which is generally dis tributed in neurons and glial cells of adult brain; 440 kDa ankyrinB, an alternatively spliced form highly expressed in neonatal development and located in neuronal processes; 215 kDa ankyrinR, which is confined to cell bodies and den drites of a subset of neurons, and ankyrinnode, localized at axonal initial segments and nodes of Ranvier. A common feature of the ankyrin family is a membrane-binding domain comprising 24 repeats of a 33-residue motif, implicated in macromolecular recognition in a variety of pro teins (reviewed by Michaely and Bennett, 1992) .
Initial characterization of membrane-binding sites for ankyrin in mammalian brain revealed a class of integral membrane proteins capable of high affinity association with the membrane-binding domain of ankyrinB, and these pro teins are present in amounts comparable to ankyrin (Davis and Bennett, 1986 ). The sites detetected in these binding assays are likely to be distinct from membrane proteins cur rently known to associate with ankyrin, such as the volt age-dependent sodium channel (Srinivasan et Triton-X-100-solubilized m embrane proteins from 10 g o f adult rat brain were applied at 4°C to an ankyrins (residues 190-947)-affinity column, and the column washed with ten column volumes of -1 8 6 0.1 M KC1 dissolved in column buffer (0.5 % Triton X-100, 0.01 % phosphatidylcholine, 10 mM Hepes, 2 mM dithiothreitol, 1 mM sodium azide, pH 7.4). The adsorbed proteins were eluted with 1 M NaBr in column buffer and applied to a wheat germ agglutinin-agarose affinity column, which was washed with ten volumes o f loading buffer, and adsorbed proteins eluted with 0.2 M A?-acetyl glucosamine. Peak fractions were analyzed by SDSelectrophoresis, and polypeptides detected either by silver stain (A) or by blot-binding with 10 nM 125I-labeled ankyrinB (residues 190-947) following electrophoretic transfer of polypeptides to nitrocellulose paper (B). A control blot was performed with a 20-fold excess o f unlabeled ankyrin (C). Lane 1, Coomassie Blue-stained gel o f ankyrine (residues 190-947) expressed in E. coli (Davis et al., 1991) ; lane 2, total rat brain membranes; lane 3, Triton X-100 extract of brain membranes; lane 4, Triton X-100 extract follow ing passage over the ankyrin-affinity column; lane 5, polypeptides eluted from the ankyrin-affinity column; lane 6, polypeptides eluted from the wheat germ affinity column. (From Davis et a l, 1993.) 7 2 -binding dom ain) w as expressed in bacteria (Davis et al., 1991) and used to prepare an affinity adsorbent. Proteins from detergent extracts o f brain m em branes were adsorbed to the ankyrin-affinity colum n, resulting in selection o f at least ten polypeptides (Fig. 1, lane 5) . G lycoproteins in this group o f ankyrin-binding polypeptides w ere isolated using a w heat germ agglutinin-affinity colum n (Fig. 1, lane 6) . Finally, a 186 kD a polypeptide capable o f direct associa tion w ith ankyrin was identified in the eluate from the w heat germ agglutinin-affinity colum n by blot-binding w ith 125I-labeled ankyrin (Fig. 1, right panels) . D irect evidence that the 186 kD a polypeptide is glycosylated w as provided by its reduction to a m olecular m ass o f 180 kD a follow ing digestion w ith endoglycosidase H and to 165 kD a by diges tion with endoglycosidase F (D avis et al., 1993) .
A ffinity-purified antibody against the 186 kD a polypep tide also cross-reacted with tw o sequence-related polypep tides o f m olecular m asses 155 and 140 kD a (Fig. 2) . The 155 and 140 kD a polypeptides were isolated and found to have identical N -term inal sequences to the 186 kD a polypeptide, except for a deletion o f six residues (Fig. 2) . These polypeptides w ere alternatively spliced products o f the same pre-m RN A based on alternate sequences observed in cD N A clones (see below ), and exhibited distinct patterns o f expression in regions o f the brain. W ithin the forebrain, 186 kD a and 155 kD a A BG P exhibited a striking segrega tion betw een w hite m atter and grey m atter, with 186 kD a A B G P present alm ost exclusively in grey m atter and the 155 kD a polypeptide restricted to w hite matter. The pres ence o f 155 kD a ABGP-1 in w hite m atter, and its location in spinal cord and peripheral nerve, suggested that this polypeptide is a com ponent o f m yelinated axon tracts.
A ssociation o f ankyrin and A B G P polypeptides was m easured in quantitative assays using native proteins im m o bilized through their carbohydrate residues by adsorption to Concanavalin A -coated beads (Fig. 3) . T he ankyrin dom ain (residues 190-947) bound to purified A B G P 186 w ith a K d o f 65 nM and w ith a stoichiom etry close to 1:1. A ssociation o f ankyrin dom ain w as also m easured w ith iso lated A B G P155/140 that as separated from A BG P186 (Fig.  3) . A 270 kD a polypeptide identified as the IP3 receptor (data not show n) w as also present in this preparation (Fig.  2) . H ow ever, the 270 kD a polypeptide did n ot interfere with the assay, since it was not adsorbed to the beads under these experim ental conditions. T he affinity o f A BG P 155/140 for ankyrin was reduced 10-fold com pared to A B G P186, with a Kd o f 600 nM , although the stoichiom etry was approxi m ately 1:1. T he values for affinity and 1:1 m olar stoi chiom etry are consistent w ith a selective, site-specific in ter action betw een ankyrin and A B G P186, 155 and 140. The differences in affinity betw een A B G P186 and 155/140, com bined with different regional distributions, suggests that these polypeptides perform related but distinct functions.
PRIMARY STRUCTURE AND DOMAIN ORGANIZATION OF ANKYRIN-BINDING GLYCOPROTEINS
A com posite sequence o f A B G P encoding 1347 residues was deduced from analysis o f m ultiple overlapping clones, including clones w ith internal deletions, presum ably due to alternative splicing o f pre-m R N A (Fig. 4) (1) and cross-reacting 155 and 140 kDa polypeptides (2) were isolated from detergent extracts o f cerebellar membranes, and their Nterminal amino acid sequences determined. The 155 and 140 kDa polypeptides were isolated by adsorption to an ankyrin-agarose affinity column, followed by a wheat germ agglutinin-agarose affinity column to remove the 186 kDa polypeptide, and finally by adsorption to a Concanavalin Aagarose affinity column and fractionation on a Mono-S cation exchange column. (From Davis et al., 1993.) (residues 626-1029); (3) Ankyrin-binding glycoproteins adsorbed to the surface of Concanavalin A-coated beads were incubated for 2 hours on ice with increasing concentrations of 125I-labeled ankyrin. Samples were layered onto 200 JJ.1 o f 10% glycerol dissolved in assay buffer and beads with adsorbed proteins pelleted by centrifugation at 5,000 g for 15 minutes. The tubes were frozen and tips containing the beads cut off and assayed for 125I in a gamma counter. Values for nonspecific binding were determined using a 50-fold excess o f unlabeled ankyrin over radiolabeled ankyrin (10 nM), and were subtracted. Data points are the mean o f duplicate determinations, and are expressed as moles of ankyrin bound per mole o f ankyrin-binding glycoprotein (assuming a monomer), and by the method of Scatchard (insert). (From Davis et al., 1993.) proteins including the LD L receptor (Y am am oto et al., 1984) , platelet glycoprotein lb (Lopez et al., 1987) , and N-C A M (W alsh et al., 1989) , and are sites o f O -glycosylation.
F our candidate sites for alternative splicing of pre-m R N A can be deduced based on alternative sequences am ong the cD N A clones: one encoding six residues at the N term inus (residues 31-36), one encoding 15 residues betw een Ig and fibronectin type 3 dom ains (residues 611-625), and tw o sites in the proline/threonine dom ain, residues 1030-1035 and 1036-1203 (Fig. 8) . The alternate six residues at the N ter m inus correspond to the additional am ino acids present in the 186 kD a polypeptide and are m issing from the 155 and 140 kD a form s (Fig. 4) . T he 15 residues betw een Ig and fibronectin dom ains include two prolines and m ay be con figured as an unstructured loop that provides som e flexi bility betw een the dom ains. T he potential for m ultiple alter native sites raises the question o f w hat com bination of deletions/insertions are actually expressed as polypeptides. It also follow s that the com posite sequence does n o t nec essarily correspond to that o f any o f the m ajor polypep tides.
Ig and fibronectin type 3 dom ains are independently folded, and m olecules with m ultiple dom ains o f this would be expected to have the configuration of a relatively rigid rod (H all and R utishauser, 1987; Becker et al., 1989; Staunton et al., 1990) . The 186 kD a ankyrin-binding gly coprotein, visualized by electron m icroscopy follow ing rotary shadow ing w ith platinum and carbon, also has an elongated shape, 40-60 nm in length (Fig. 5) . Som e im ages w ere tw ice this length, and could be due to head-head hom ophilic interactions. Rosettes o f 3-5 m olecules w ere also observed, as has been found for N -C A M , and inter preted as association o f these proteins through their hydrophobic dom ains (B ecker et al., 1989) . The fact that the ankyrin-binding glycoprotein has the predicted config uration, in addition to correlation o f the protein-derived sequence and deduced sequence provides com pelling ev i dence that the cD N A clones actually encode this protein.
The ankyrin-binding site o f 186 kD a A B G P is located in the predicted cytoplasm ic dom ain, based on tw o observa tions. C leavage o f the C-term inal 21 kD a, w hich includes the cytoplasm ic dom ain, results in loss o f binding of ankyrine (Fig. 6 ).
ABGPS ARE MEMBERS OF THE Ig SUPERFAMILY OF CELL ADHESION MOLECULES
T he am ino acid sequence o f A B G P is closely related to p re viously identified nervous system cell adhesion m olecules o f the Ig super fam ily (Fig. 7) . These proteins contain six Ig type C2 dom ains and four to five fibronectin type 3 dom ains, and highly conserved cytoplasm ic dom ains. T he highest degree o f sim ilarity, w ith 71% sequence identity, is w ith chicken neurofascin, w ith low er degrees o f identity w ith m ouse L I (36% ), chicken N r-C A M (47% ) and chicken N g-C A M (30% ) ( Table 1) . D rosophila neuroglian, a cell adhesion m olecule with sim ilarity to L I (B ieber et al., 1989) , also shares extensive hom ology w ith the vertebrate proteins in the cytoplasm ic domain.
T he p redicted cytoplasm ic dom ains are m ost conserved 
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I t/N gC A fi/N rC A M /N E U R O G LI AN Fig. 7 . Schematic model for the domain organization of ankyrinbinding glycoproteins, neurofascin and related nervous system cell adhesion molecules. PM, plasma membrane; Ig, type C2 domains; FNIII, fibronectin type 3 domains (from Davis et al., 1993) . Fig. 6 . Localization of the ankyrin-binding site to the C-terminal 21 kDa of the ABGP186 polypeptide. ABGP186 (0.1 mg/ml in a buffer containing 50 mM NaCl. 10 mM Hepes, pH 7.4, 0.5 % Triton X-100, 0.01% phosphatidylcholine. 0.5 mM dithiothreitol, 1 mM sodium azide) was digested with Staphylococcal V8 protease (20 pg/m l for 60 minutes at 24°C), and the products resolved by chromatography on a Mono-Q anion exchange column. A 165 kDa polypeptide was resolved, which retained the N terminus based on amino acid sequence, and was missing the Cterminal 21 kDa. Binding o f l25I-labeled ankyrinB (residues 190 947) to 186 kD a and 165 kDa polypeptides was determined following electrophoretic transfer of polypeptides to nitrocellulose paper. (A) Coomassie Blue-stained polypeptides; (B,C) autoradiograms o f nitrocellulose paper incubated with 36 nM 125I-labeled ankyrine (residues 190-947) , either alone or with a 75-fold excess unlabeled ankyrin to displace nonspecific binding. (From Davis et al., 1993.) tim e w hether the A B G P polypeptides are encoded by the identical gene to chicken neurofascin. T he sim ilarity in am ino acid sequence and conservation o f sites o f altern a tive splicing strongly support the interpretation that A B G Ps and neurofascin genes share a com m on ancestor. H ow ever, the m ajor differences in developm ental expression and divergence in som e areas o f the sequence (Fig. 9) suggest that A B G Ps and neurofascin represent products o f gene duplication events that have subsequently evolved in p ar allel w ith distinct roles in developm ent. Im portant issues for the future w ill be to determ ine w hether m ultiple copies o f the A BG P and neurofascin genes indeed exist, or if the sam e gene plays roles both in fetal developm ent and in adult brain.
N-Terminal Sequence

ABGPl86 I-E-I-P-M-D-P-S-I-Q-N-E-L-T-Q-P-V8 165 I-E-I-P-M-D-P-S-I-Q-N-E-L-T-Q-P-
ANKYRIN AND ABGPs ARE CO-LOCALIZED AND CO-EXPRESSED DURING DEVELOPMENT
T he question o f w hether the association o f ankyrin and ankyrin-binding glycoproteins actually occurs in vivo will require experim ents beyond the scope o f this initial, b io chem ically oriented work. H ow ever, circum stantial evi dence consistent w ith interaction of these proteins in brain tissue is that A B G P polypeptides are expressed at approx im ately the sam e levels as ankyrin, co-expressed w ith the adult form o f ankyrinB late in postnatal developm ent, and are co-localized w ith ankyrinB by im m unofluorescence. A nkyrin-binding glycoproteins are expressed in the fo re brain at relatively low levels until after birth, w hen the level Davis et al., 1993.) after day 20, alm ost tw o w eeks after A B G P186 and A G BP155. Events know n to occur in the cerebellum late in postnatal developm ent follow ing the m ajor phases of neuronal m itosis and m igration w hich coincide with expression o f ankyrin-binding glycoproteins include synaptogenesis follow ed by ensheathing o f P urkinje cells by glial cells (A ltm an, 1972) . Im m unofluorescence studies in frozen sections o f brain and peripheral nerve indicate that ankyrin and the ankyrinbinding polypeptides are both present in low am ounts in central tracts o f m yelinated axons, highly expressed in unm yelinated axons, and present at this level o f resolution in both neurons and glial cells. A nkyrin-binding glycopro tein im m unoreactivity is highly concentrated at nodes of R anvier in m yelinated axons o f peripheral nerve (Fig. 10) , and this is also the site o f localization o f a form o f ankyrin (Kordeli and Bennett, 1991; Kordeli et al., 1990) . T he stain ing at nodes o f R anvier is probably due to the 155 kDa polypeptide w hich is the only form detectable by im m unoblots in peripheral nerve (Fig. 2) . Punctate staining could also be detected at higher m agnification in m yelinated regions o f the forebrain and cerebellum , w hich may repre sent nodes o f R anvier sm aller and m ore difficult to resolve by light m icroscopy than those in peripheral nerve (not shown). Since the 155 kD a form is the m ajor polypeptide detectable in dissected w hite m atter from forebrain (Fig. 2) , the 155 kD a polypeptide is probably a com ponent o f nodes o f R anvier in the central nervous system as w ell as periph eral nerve. Davis et al., 1993.) o f expression increases over 20-fold betw een day 10 and day 50 (Fig. 9, left panel) . T he 220 kD a adult form of ankyrine exhibited a sim ilar tim e course, w ith expression accelerating after day 10 (Fig. 9) . Sim ilar profiles w ere observed for forebrain and cerebellum (Fig. 10, right panel) , although 186 kD a A BG P is expressed in the cerebellum (less than 25% o f adult values) before day 10. A BG P140 is selectively expressed in the cerebellum , and appears only CONCLUSION A ssociations of A BG Ps w ith ankyrin, o f ankyrin w ith spec trin (D avis and Bennett, 1984) , and o f spectrin w ith actin (B ennett et al., 1982; G lenney et al., 1982) provide an exam ple o f a series o f protein-protein interactions extend ing from the extracellular space to the cytoplasm that have been defined in term s o f affinity and stoichiom etry with pure com ponents. T hese proteins are abundant in brain, with spectrin representing 3%, ankyrins 1% and A BG Ps 0.3-0.5% o f the total m em brane protein. This system o f pro teins thus represents a m ajor class o f m em brane-cytoskeletal linkages in the nervous system. Interactions am ong these proteins have the potential to be utilized in diverse contexts in cells, since A B G Ps and ankyrins are each capable o f m ultiple types o f interaction. A BG Ps include several polypeptides derived from alternative splicing o f prem RNA , and these form s exhibit differences in affinity for ankyrin, regional distribution and tim e o f expression during developm ent (Fig. 9) . In addition to alternative splicing, another level o f diversity is provided by the subgroup o f cell adhesion m olecules with cytoplasm ic dom ains related to A BG P and neurofascin w hich are candidates for associ ation with ankyrins (Fig. 9) . Interactions, in addition to hom ophilic associations, have been observed fo r other cell adhesion m olecules containing Ig and fibronectin type 3 repeats and may also be available to A BG Ps. Exam ples include binding to soluble extracellular m atrix m olecules (Reyes et al., 1990; K uhn et al., 1991; , lateral association w ith other cell adhesion m olecules to form complexes capable of cell-cell interactions (Kadmon et al., 1990 ) and heterophilic interactions with integral membrane proteins on adjacent cells (Marlin and Springer, 1987) . It is clear that a simple interaction between ankyrins and ABGPs and perhaps other cell adhesion molecules with conserved cytoplasmic domains can, in principle, be uti lized to establish a variety of membrane-cytoskeletal con nections in the nervous system. The node of Ranvier is one example of a specialized membrane domain containing isforms of ankyrin and ABGP polypeptides (Fig. 7)  (Kordeli et al., 1990 ; Kordeli and Bennett, 1991) .
The high expression of rat ABGP in postnatal and adult brain strongly suggests that the function(s) of this protein includes roles in addition to activities attributed to cell adhesion molecules during prenatal development. Possibil ities include a role in developing and or maintaining spe cialized membrane domains such as unmyelinated axons and the node of Ranvier discussed above. Another conse quence of associations between these proteins may be struc tural support for the adult brain, which is dependent on cell cell contacts and lacks a collagen-based basement membrane utilized by cells in most tissues. Coupling between the elongated extracellular domain of ABGP polypeptides and the cytoskeleton would provide a mechan ical buffer, allowing distribution of shear stresses and defor mations throughout the tissue. Another possible role of ABGPs could be related to cell signaling, and result in sta bilizing neurons and glial cells that maintain appropriate cellular contacts.
A prominent role of ABGPs in adult mammalian brain has potential clinical implications, since defects in these proteins may be compatible with survival but with impaired neurological or cognitive development. It is of interest in this regard that abnormal splicing of human LI premRNA, a related cell adhesion molecule, results in hydrocephalus and mental retardation (Rosenthal et al., 1992) . Another potential clinical implication is that ABGPs may play a role as receptors for neurotropic viruses, as occurs for Rhinoviruses in lymphocytes (Staunton et al., 1990 ).
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